Abstract. The prediction of response or severe toxicity and therapy individualisation are extremely important in cancer chemotherapy. There are few tools to predict chemoresponse or toxicity in cancer patients. We investigated the correlation between the induction and repair of DNA double-strand breaks (DSBs) using constant-field gel electrophoresis (CFGE) and evaluating cell cycle progression and the sensitivity of four cancer cell lines to 5-fluorouracil (5FU). Using a sulphorhodamine-B assay, colon carcinoma cells (HCT116) were found to be the most sensitive to 5FU, followed by liver carcinoma cells (HepG2) and breast carcinoma cells (MCF-7). Cervical carcinoma cells (HeLa) were the most resistant. As measured by CFGE, DSB induction, but not residual DSBs, exhibited a significant correlation with the sensitivity of the cell lines to 5FU. Flow cytometric cell cycle analysis revealed that 14% of HCT116 or HepG2 cells and 2% of MCF-7 cells shifted to sub-G1 phase after a 96-h incubation with 5FU. Another 5FU-induced cell cycle change in HCT116, HepG2 and MCF-7 cells was the mild arrest of cells in G1 and/or G2/M phases of the cell cycle. In addition, 5FU treatment resulted in the accumulation of HeLa cells in the S and G2/M phases. Determination of Fas ligand (Fas-L) and caspase 9 as representative markers for the extrinsic and intrinsic pathways of apoptosis, respectively, revealed that 5FU-induced apoptosis in HCT116 and HepG2 results from the expression of Fas-L (extrinsic pathway). Therefore, the induction of DNA DSBs by 5FU, detected using CFGE, and the induction of apoptosis are candidate predictive markers that may distinguish cancer cells which are likely to benefit from 5FU treatment and the measurement of DSBs using CFGE may aid the prediction of clinical outcome.
Introduction
For several decades, chemotherapy regimens based on the drug 5-fluorouracil (5FU) have been part of the treatment for high-risk stage II or III colon cancer (1) .
In addition, 5FU is used in combination with other chemotherapy drugs to treat any stage of breast, ovarian, colon, head and neck and liver cancers. In mammalian cells, 5FU is converted to fluorodeoxyuridine monophosphate (FdUMP), which forms a stable complex with thymidylate synthase (TS) and thus inhibits deoxythymidine monophosphate (dTMP) production. dTMP is essential for DNA replication and repair and its depletion therefore causes cytotoxicity (2, 3) . Another mechanism of 5FU-induced cytotoxicity is its mis-incorporation into RNA and DNA in place of uracil or thymine. The interference with the normal biosynthesis or function of nucleic acids is therefore another possible mechanism of action for 5FU (4) .
Understanding the mechanism of action of 5FU has led to the development of strategies that may increase its anticancer activity. Despite these advances, drug resistance remains a significant limitation to the clinical use of 5FU (5, 6) .
Resistance to 5FU occurs due to various causes, including alteration of drug influx and efflux, enhancement of drug inactivation and mutation of the drug target (7) . A high level of expression of TS (8) , increased activity of deoxyuridine triphosphatase (9) , methylation of the MLH1 gene (10) and overexpression of Bcl-2, Bcl-XL (11, 12) and Mcl-1 (13) proteins have all been reported to lead to resistance to 5FU, suggesting that multiple factors contribute to 5FU resistance (14, 15) .
Predictive markers for the response to 5-fluorouracil therapy in cancer cells: Constant-field gel electrophoresis as a tool for prediction of response to 5-fluorouracil-based chemotherapy
Emerging technologies, such as DNA microarray profiling, have the potential to identify novel genes that are involved in mediating resistance to 5FU (16) .
Alternative measures of sensitivity have been developed using different DNA damage assays, including the constant-field gel electrophoresis (CFGE), graded-field gel electrophoresis (CFGE), pulsed-field gel electrophoresis (PFGE) and the immuno-fluorescence or flow cytometric measurement of γ-H2AX techniques. These methods are used to quantify the apparent number of DNA double-strand breaks (DSBs) as well as DSB rejoining (17) (18) (19) . DSBs are the most deleterious DNA lesions occurring in cells following treatment with chemotherapy and/or irradiation. The treatment of cancer cells with 5FU leads to indirect DSBs due to the misincorpration of FdUMP into DNA (20, 21) . There are three levels at which DSBs lead to mitotic cell death: initial induction of DSBs, the speed and efficiency of repair and fidelity of DSB repair. Also, the treatment of tumour cells with chemotherapy such as 5FU leads to omnipresent DNA damaging insults (e.g. DSBs) which activate the cellular DNA-damage response (DDR) machinery. This activation of the DDR network leads to cell cycle arrest, activation of DNA repair mechanisms or initiation of apoptosis if the damage is not repaired (22, 23) .
This study was designed to test the possibility of using parameters of the DDR machinery for determining the sensitivity of different cancer cells to 5FU. The main objective was to evaluate the correlation between chemosensitivity to 5FU and induction and repair of DSBs using CFGE, cell cycle progression and induction of cell death (apoptosis) to select predictive molecular markers for the measurement of the sensitivity of cancer cells to 5FU.
Materials and methods
Cell lines and culture conditions. Four different human cancer cell lines were used in this study: breast carcinoma (MCF-7), cervical carcinoma (HeLa), colon carcinoma (HCT116) and liver carcinoma (HepG2). These cell lines were selected to have different sensitivities to 5FU, as determined by a preliminary experiment using the multiple cell lines available in our lab. They were obtained frozen in liquid nitrogen from University Hospital (Hamburg, Germany) and the American Type Culture Collection (Manassas, VA, USA) and were maintained in the Cancer Biology Department, National Cancer Institute (Cairo, Egypt) by serial sub-culturing. The cells were grown as a monolayer culture in RPMI-1640 medium or DMEM supplemented with 10% foetal bovine serum, 100 U/ml penicillin and 2 mg/ml streptomycin. Mycoplasma was tested at 3-month intervals.
Drugs and chemicals. 5FU (Calbiochem, Darmstadt, Germany) was dissolved in dimethyl sulfoxide (1 mmol/l stock solution) and was kept frozen in aliquots at -20˚C.
Chemosensitivity assay. Cytotoxicity was determined using the sulphorhodamine-B (SRB) method as previously described by El-Awady et al (24) . Cells were seeded in 96-well microtitre plates at a concentration of 5x10 4 -10 5 cells/well in supplemented RPMI-1640 medium or DMEM. After 24 h, cells were incubated for 48 h with either drug-free medium (control cells) or increasing concentrations of the anticancer drug 5FU (0.05-50 µg/ml). Following the 48-h treatment, the cells were fixed with 50% trichloroacetic acid for 1 h at 4˚C. The wells were washed five times with water, stained for 30 min at room temperature with 0.4% SRB dissolved in 1% acetic acid and then washed four times with 1% acetic acid. The plates were air-dried and the dye was solubilised with 100 ml/well of 10 mM Tris base (pH 10.5) for 5 min on a shaker at 1,600 rpm. The optical density (OD) of each well was measured spectrophotometrically at 564 nm with an ELISA microplate reader (Meter Tech. S960, Warminster, PA, USA). The IC60 values were calculated using sigmoidal concentration-response curve fitting models (Graph Pad, Prism Software, San Diego, CA, USA). IC60 showed the largest difference in the sensitivity of the four cell lines to 5FU; accordingly, IC60 values were selected for further experiments in our study.
CFGE of DNA. DSB induction and repair were measured by CFGE using exponentially growing cells as described by El-Awady et al (22) . The cells were treated with 0.02-100 µg/ml 5FU at room temperature. Following treatment, the cells were incubated for 48 h at 37˚C. The cells were detached with trypsin and the resulting cell suspension was mixed with an equal amount of 1.6% low melting point agarose (Bio-Rad, Munich, Germany), pipetted into a 180-µl mould and left on ice to solidify and form agarose cell plugs. The plugs were incubated in lysis buffer [0.4 M ethylene diamine tetraacetic acid, (EDTA), 2% N-lauryl sarcosine and 1 mg/ml proteinase K; Sigma, Deisenhofen, Germany] for 30 min on ice and then overnight at 37˚C. The plugs were washed three times in Tris-EDTA buffer and a portion of the plug containing ~10 5 cells was inserted into a preformed 0.8% agarose gel. The gel was then covered with a thin overlayer of 0.8% agarose to avoid light fraction artefacts upon optical imaging. Electrophoresis was performed for 36 h at 0.6 V/cm in 0.5X Tris-Borate-EDTA buffer (45 mM Tris base, 45 mM boric acid, 2 mM EDTA) in a conventional apparatus (Subcell, Bio-Rad). Following the completion of electrophoresis, the gel was stained overnight in 0.5 µg/ml ethidium bromide solution and destained overnight in distilled water. The fraction of DNA released (FDR) after each treatment was determined using a gel documentation system (Biometra, Gottingen, Germany).
The FDR into the gel, which corresponds to fragmented DNA, was calculated according to the equation:
where FDRrel is the FDR outside the well and FDRplug is the fraction of DNA remaining in the well. The FDR was calculated using one-site binding curve fitting models (Graph Pad, Prism Software).
Residual DNA DSBs. Residual DSBs were measured by CFGE using exponentially growing cells as described by El-Awady et al (22) . Cells were treated with 100 µg/ml 5FU for 24 h at 37˚C. The selection of this concentration was based on a preliminary experiment to measure residual DSBs after treatment with different concentrations of 5FU. It was found that 100 µg/ml 5FU is the lowest concentration that provides measurable bands after the specified repair time. The drug was then removed by washing the cells three times with drug-free medium followed by incubating the cells in drug-free medium at 37˚C for 24 h to allow the repair of 5FU-induced DSBs. Monolayer cells were detached with trypsin and the resulting cell suspension was mixed with an equal amount of 1.6% low melting point agarose (Bio-Rad), pipetted into a 180-µl mould and allowed to solidify on ice. The plugs were incubated overnight in lysis buffer (0.4 M EDTA, 2% N-lauryl sarcosine and 1 mg/ml proteinase K; Sigma) and the DNA fragments were separated by electrophoresis on a 0.8% agarose gel using a constant field (0.6 V/cm, 36 h). The gel was stained with ethidium bromide and photographed under UV illumination. The FDR, which corresponds to unrepaired (residual) DNA fragments, was measured using a gel documentation system (Biometra) and was divided by the corresponding FDR obtained from cells treated with 100 µg/ml 5FU for 48 h without repair (obtained from the induction curve) to determine the percentage of DNA DSBs.
Cell cycle distribution analysis. The evaluation of cell cycle distribution was carried out according to the method of El-Awady et al (21) . Cells were plated at a density of 5x10 6 cells/ml in supplemented medium. After 24 h, the medium was replaced with fresh medium containing the IC60 concentration of 5FU (µg/ml), with the exception of the control cells. All flasks were incubated at 37˚C. After various time intervals (48, 72 and 96 h), the adherent cells were detached with trypsinisation, washed twice with phosphate-buffered saline (PBS) and fixed with 70% (v/v) ethanol. The sample was concentrated by removing the ethanol and was resuspended in 500 µl PBS and 500 µl RNase solution. The mixture was incubated at 37˚C for 30 min. Propidium iodide solution (50 µl, 1 mg/ml) was added and flow cytometric DNA ploidy analysis was performed by acquiring a minimum of 200,000 nuclei. Cell cycle analysis was performed using the Coulter Epics XL software package (Beckman Coulter Corp., Miami, FL, USA). The percentages of cells with DNA content corresponding to sub-G1, G1, S and G2/M phases were computed by the planimetry of the histogram and then compared for the four cell lines.
Measurement of Fas ligand (Fas-L).
Fas-L-dependent cell death was evaluated using a colourimetric activity assay kit (Abcam, San Francisco, CA, USA). The assay was performed according to the manufacturer's instructions. Cells were seeded in 96-well microtitre plates at a concentration of 2x10 3 cells/well in supplemented RPMI-1640 medium or DMEM. After 24 h, the cells were incubated with either drug-free medium (control cells) or with the IC60 concentration of 5FU for each cell line. Cells were incubated at 37˚C in a 5% CO 2 incubator. After various time intervals (48 or 72 h), the supernatants were collected and centrifuged for 10 min at 2,000 rpm and then stored at -70˚C until use. The standards, samples and untreated controls (100 µl) were added to microwell strips, incubated for 2 h at room temperature and washed three times with distilled water. Diluted biotinylated anti-Fas-L antibody was added to each well, incubated for 1 h at room temperature and washed three times with distilled water. Horseradish peroxidase-conjugated streptavidin was added to the wells and the plates were incubated for 20 min at room temperature. After incubation, the wells were washed three times with distilled water. TMB then was added and the plates were incubated for 15-20 min for colour development. Stop reagent (H 2 SO 4 ) was added to each well and the optical density (OD) of each well was measured spectrophotometrically at 450 nm with an ELISA microplate reader (Meter Tech. S960).
Measurement of caspase 9 activity. Caspase 9 activity in the control and 5FU-treated cells was measured colourimetrically using the caspase assay system purchased from BioVision (San Francisco, CA, USA). The assay was performed according to the manufacturer's instructions. Briefly, the cells were seeded in T-175 (175 cm 2 ) flasks and treated after 24 h with the corresponding IC60 concentration of 5FU. After various time intervals (48 or 72 h), the cells were collected by trypsinisation and the cell density was adjusted to 10 6 cells/ml. Cell pellets were kept on ice, washed once with ice-cold PBS and re-suspended in cell lysis buffer (supplied with the kit) at a concentration of 10 8 cells/ml. The cells were lysed by freezing and thawing and incubated on ice for 15 min. The supernatant was collected by centrifugation at 4˚C. This cell extract was used to measure caspase activity by mixing in a 96-multiwell plate with the kit reagents (caspase assay buffer, DMSO, DTT and DEVD-pNA substrate). The plates were incubated at 37˚C for 4 h and the absorbance of the wells was measured at 405 nm in an ELISA microplate reader (Meter Tech. S960) and the caspase activity was calculated.
Statistical analysis. Each experiment was repeated three times and the data are presented as the mean ± SEM. Multiple comparisons were carried out using a one-way analysis of variance (ANOVA) followed by LSD (least significant difference) for post hoc analysis. P<0.05 was considered to indicate a statistically significant result. Statistical analysis, data fitting and graphics were performed by the Prism computer program (GraphPad Software).
Results
Sensitivity of the cancer cell lines to 5FU. The sensitivity of the four cell lines to different concentrations of 5FU was determined by the SRB assay. Cell viability was expressed as the percentage of surviving treated cells compared with that of control cells. As shown in Fig. 1, 5FU reduced the survival of the four cell lines in a concentration-dependent manner. The colon carcinoma (HCT116) cells were the most sensitive, with IC60 approaching 2.2±0.03 µg/ml, whereas the other cell lines (HepG2, MCF-7 and HeLa) were less sensitive, with IC60 7±0.2, 24.5±0.6 and 50±1.30 µg/ml, respectively (Table I ). This indicates that the HCT116 cells were 3, 11 and 23 times more sensitive to 5FU than the other three cell lines, respectively. The difference in sensitivity among the four cell lines was especially apparent at the highest 5FU concentration (50 µg/ml), which reduced the survival of HCT116 cells to 35% of that of the control untreated cells. The same 5FU concentration reduced the survival of the HepG2, MCF-7 and HeLa cells to 49, 55 and 60% of that of the control untreated cells, respectively.
Induction of DNA DSBs in the cancer cell lines by 5FU. The four cell lines were treated with different 5FU concentrations (0.2-100 µg/ml) for 48 h. The intensity of the DNA bands was quantified and the fraction of DNA released at each drug concentration is presented in Fig. 2A . The HCT116 cells showed the highest FDR (representing DNA DSBs) at all concentrations tested, followed by the HepG2 liver cancer cells, whereas the other two cell lines, MCF-7 and HeLa, showed low FDR at the low 5FU concentrations (0.2 and 2 µg/ml) but relatively high FDR at the high 5FU concentrations. Fig. 2B shows the correlation between cellular sensitivity to 5FU (expressed as IC60) and induction of DNA damage by 5FU (expressed as fraction of DNA released at 2 µg/ml 5FU). As shown in Fig. 2 , a significant positive correlation (P<0.05) exists between the two parameters, such that cells which are most sensitive to 5FU (with low IC60) showed a high level of 5FU-induced DNA damage and vice versa.
DNA repair efficiency and correlation with 5FU sensitivity.
To measure DNA repair efficiency in the four cancer cell lines, cells were treated with 100 µg/ml 5FU for 24 h and then incubated in fresh drug-free medium for another 24 h to allow the repair of 5FU-induced DNA damage. Fig. 3A shows the UV trans-illuminated gels of the four cancer cell lines showing the residual DNA damage after 24 h of repair. The intensity of the DNA bands was measured and the fraction of non-repaired (residual) DNA damage in the four cell lines was calculated by dividing the FDR from the cells allowed to repair by the corresponding FDR from cells treated with the same dose of 5FU without allowing time for repair. As shown in Fig. 3B , MCF-7 and HCT116 cells have higher residual DNA damage than HepG2 and HeLa cells.
To test whether differences in DNA repair efficiency explains sensitivity differences in the four cell lines, we tested the correlation between cellular sensitivity to 5FU (expressed Figure 1. (A) 5FU sensitivity of four cancer cell lines. HCT116, HepG2, MCF-7 and HeLa were cultured in 96-well plates. After 24 h, the cells were treated with different concentrations of 5FU. After 48 h of exposure to the drug, the cells were fixed, stained with sulphorhodamine-B and the optical density (OD) was measured spectrophotometrically at 564 nm. Each point is the mean ± SEM of three separate experiments. Survival fraction = OD564 of drug-treated sample/OD564 of untreated control sample.
a Statistical significance compared with the control using an unpaired t-test, P<0.01. (B) Viability of MCF-7 cells after treatment with a fixed 5FU concentration. MCF-7 cells were cultured in 75 cm 2 tissue culture flasks and incubated for 48 h with either drug-free medium (control) or medium containing 24.5±0.6 µg/ml 5FU (IC60 for the MCF-7 cell line). Examination of the cells using an inverted microscope revealed that 40% of MCF-7 cells died compared with control untreated cells. 5FU, 5-fluorouracil; IC60, 5FU concentration that results in 40% cell death compared with control cell growth.
A B Figure 2 . Induction of DNA double-strand breaks by 5FU and correlation with chemosensitivity. Cells were exposed for 48 h to either drug-free medium (control) or medium containing different concentrations of 5FU (0.2, 2, 20 or 100 µg/ml). Cells were collected and embedded in agarose plugs which were incubated overnight in lysis buffer (0.4 M EDTA, 2% N-lauryl sarcosine and 1 mg/ml proteinase K) and the DNA fragments were separated by electrophoresis in 0.8% agarose gel using a constant field (0.6 V/cm, 36 h). The band intensities from the gels were quantified and the FDR, which corresponds to fragmented DNA, was measured using a gel documentation system. 
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as IC60) and the residual DNA damage. As shown in Fig. 3C , although the most sensitive cells (HCT116) showed a higher fraction of residual DNA damage, the correlation was not significant (P>0.05). This is mainly due to the MCF-7 cells, which had the highest level of residual DNA damage but were less sensitive to 5FU than the HCT116 cells.
Evaluation of cell cycle distribution after 5FU treatment.
To examine other parameters that may explain the differences in sensitivity to 5FU, we measured changes in cell cycle distribution after treating the four cell lines with 5FU. DNA histograms from cells incubated with 5FU (IC60) for various time intervals (48, 72 and 96 h) revealed induction of apoptosis in HCT116 and HepG2 cells at all tested time points. This is indicated by the appearance of ~5, 6 and 14% sub-G1 cells in the DNA histogram of HCT116 and HepG2 cells at 48, 72 and 96 h, respectively ( Fig. 4A and B) . The percentage of sub-G1 cells in the histogram of MCF-7 cells after treatment with 5FU was low compared with the HCT116 and HepG2 cells, ~2% sub-G1 MCF-7 cells were found after 96 h of 5FU treatment (Fig. 4C) . Another 5FU-induced cell cycle change in HCT116, HepG2 and MCF-7 cells was a mild arrest of cells in G1 and/or G2 phases of the cell cycle, especially after 48 and 72 h of 5FU treatment (Fig. 4A, B and C). In addition, 5FU treatment resulted in the accumulation of HeLa cells in both S and G2/M phases after different time intervals of 5FU treatments (48, 72 and 96 h; Fig. 4D ).
Fas-L and caspase 9 activity after 5FU treatment. To understand the apoptotic pathways stimulated by 5FU, we measured the activity of the Fas-L and caspase 9 proteins in the four cell lines after treatment with 5FU (IC60). The two proteins represent two different apoptotic pathways (Fas-L is involved in the extrinsic pathway whereas caspase 9 is involved in the intrinsic pathway). As shown in Fig. 5A , no increase (over the control) in the level of caspase 9 was detected in any of the four cancer cell lines following treatment with 5FU. On the other hand, the level of Fas-L in HCT116 and HepG2 cells was increased ~2-3 times over the control cells after treatment with 5FU for 48 and 72 h. However, in MCF-7 and HeLa cells no increase in the level of Fas-L over the control cells was detected at the two time points (48 and 72 h; Fig. 5B ).
Discussion
The use of 5FU and other fluorinated pyrimidines for different types of malignancies started approximately 50 years ago (25) . To date, their exact mechanism of action has not been completely understood, making it difficult to establish predictive markers to aid the identification of tumours with intrinsic or acquired drug resistance. Figure 3 . DNA repair efficiency and correlation with 5FU sensitivity. Cells were treated with 100 µg/ml 5FU for 24 h and then incubated in fresh drugfree medium for an additional 24 h to allow the repair of 5FU-induced DNA damage. Cells were collected and embedded in agarose plugs which were incubated overnight in lysis buffer (0.4 M EDTA, 2% N-lauryl sarcosine and 1 mg/ml proteinase K) and the DNA fragments were separated by electrophoresis in 0.8% agarose gel using a constant field (0.6 V/cm, 36 h). (A) The gel was stained in ethidium bromide and photographed under UV illumination. (B) FDR, which corresponds to unrepaired (residual) DNA fragments, in the four cell lines was measured using a gel documentation system. (C) Correlation between the unrepaired (residual) DNA fragments and the 5FU IC60 value of the four cell lines was determined. FDR 100 , FDR after treatment with 100 µg/ml 5FU; 5FU, 5-fluorouracil; FDR, fraction of DNA released; IC60, 5FU concentration that results in 40% cell death when compared with control cell growth. In mammalian cells, 5FU is converted into FdUMP which inhibits the TS enzyme, leading to nucleotide pool imbalance and/or uridine incorporation into DNA (26) . 5FU is also converted to fluoronucleotides that are incorporated into DNA and RNA, modifying their function and stability. These fluoronucleotides and uridine are recognised as false nucleotides in the DNA and stimulate DNA repair proteins to eliminate these lesions and restore DNA integrity.
Different predictive markers for the response to fluoropyrimidines have been tested during the last 20 years (27) and mismatch repair (MMR) genes were the only marker reported to have some correlation with cellular sensitivity to this class of anticancer drugs (28) (29) (30) . Most of these studies were designed based on the evidence that the effects of fluoropyrimidines are primarily due to mis-incorporation into nucleic acids and/ or stopping DNA synthesis by depleting the cellular thymine content. The recent demonstration that 5FU may induce DNA DSB opens the avenue for new predictive testing for cellular response to fluoropyrimidines (21) .
Studies have shown that 5FU induces indirect DNA DSBs in tumour cells, probably during the repair and elimination of the false fluoronucleotides or FdUTP incorporated into the DNA (21, 31) . Among the DNA lesions induced by anticancer agents, DSBs are the most deleterious in terms of cell death (32) . They stimulate many cellular proteins that signal these lesions to effector proteins, resulting in cell cycle delay or arrest, repair of the lesion or cell death. If left unrepaired or incorrectly repaired, DSBs lead to cell death or tumourigenesis (33) .
The aim of the present study was to evaluate new parameters that may predict the sensitivity of cancer cells to fluorinated pyrimidines which may aid the individualisation of this type of therapy. We investigated the induction and repair of DNA DSBs using CFGE in four cancer cell lines after treatment with 5FU. In addition, cell cycle changes and induction of apoptosis were also investigated.
In the present study, we found that the HCT116 cell line with the lowest IC60 (i.e the most sensitive to 5FU) was less sensitive to 5FU than MCF-7 and HepG2 at low 5FU concentrations (up to 0.5 µg/ml) but more sensitive at the higher 5FU concentrations. We suggest that at low 5FU concentrations, the number of mis-incroporated false bases (mismatches) is low and the cells tolerate this low level of mismatches and continue cycling and proliferation, but at higher 5FU concentrations, the number of mismatches increases, stimulating different repair mechanisms (MMR, BER and NER) that remove these mismatches and lead to the generation of DSBs which are lethal to the cells. Although the HCT116 cells are MMR-deficient and have intact p53, they are capable of removing these mismatches using the p53-regulated BER and NER and accumulating the highest number of DSBs, which may account for their high sensitivity to 5FU. A similar finding was reported by Adamsen et al (34) who suggested that BER (or NER) is sufficient to repair the bolus-5FU-induced DNA damage (FdUTP/dUTP mis-incorporation) in the absence of functional MMR in the TP53-proficient HCT116 cell line. In addition, Li et al (35) have shown that MMR-deficient cells incorporate higher levels of fluoropyrimidine metabolites than MMR-proficient cells.
By contrast, the HeLa cells, which are proficient in MMR but do not express p53, accumulated the lowest number of DSBs at all the tested 5FU concentrations, confirming the assumption that p53 is more important than MMR in removing the fluoropyrimidines and the FdUTP mismatches and results in more DSBs. The other two cell lines (MCF-7 and HepG2) accumulated intermediate number of DSBs, although they are MMR proficient and express wild-type p53. We speculate that competition between p53-regulated BER and MMR may decrease the efficiency of BER in removing mismatches, thereby decreasing the number of DSBs.
Differences between the four cell lines in the conversion of 5FU to its active metabolites and/or its catabolism by dihydropyrimidine dehydrogenase to inactive metabolites is another possible explanation for the different number of 5FU-induced DSBs in the four cell lines at the same drug concentration [reviewed by Koopman et al (27) and Li et al (35) ].
The significant positive correlation (P<0.05) reported in the present study between sensitivity to 5FU and induction of DSBs measured by CFGE in the four tested cell lines is a promising novel finding for the use of DSB induction as a predictive marker for the response of tumours to fluoropyrimidine therapy. This finding needs to be confirmed using clinical samples from cancer patients.
Understanding the repair of lesions induced by genotoxic anticancer agents should facilitate the identification of predictive markers for response prediction and aid the identification of tumours with intrinsic or acquired drug resistance. Using CFGE, we studied the efficiency of the four cell lines in repairing 5FU-induced DSBs by measuring the number of DSBs left unrepaired 24 h after removing 5FU. Unrepaired or incorrectly repaired DSBs are thought to be the most important initiators of cell death after DNA damaging agents. Although the breast carcinoma cell line MCF-7 had the highest level of residual (unrepaired) DSBs, it was not the most sensitive to 5FU; the colon carcinoma (HCT116) cell line was the most sensitive, Figure 5 . Caspase 9 and Fas-L activities in the four cancer cell lines after treatment with 5FU. HCT116, HepG2, MCF-7 and HeLa cells were treated with IC60 for each cell line (2.2, 7.0, 24.5 and 50 µg/ml 5FU, respectively). Control and 5FU-treated cells were collected after 48 and 72 h and cell lysates were prepared. Fas-L and caspase 9 activities in the four cell lines served as markers for the extrinsic and intrinsic pathways of apoptosis induction, respectively, and were monitored colourimetrically using the CaspASE assay system. Each point is the mean ± SEM of three separate experiments. a Statistical significance compared with the control group, P<0.01. Fas-L, Fas ligand; 5FU, 5-fluorouracil; IC60, 5FU concentration that results in 40% cell death compared with control cell growth.
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but showed fewer unrepaired DSBs than the MCF-7 cells. This discrepancy was clarified through the results of cell cycle distribution and Fas-L activity where a fraction of the HCT116 cells was found in the sub-G1 phase of the cell cycle and Fas-L activity was 2-3 times higher following incubation with 5FU, indicating the induction of apoptosis. By contrast, the MCF-7 and HeLa cells did not show any sub-G1 fraction or activation of Fas-L. This finding indicates that the presence of non-repaired DSBs is not the final parameter that determines the sensitivity of cancer cells to 5FU, but the ability of these breaks to stimulate death pathways (apoptosis) and the genetic readiness of the cells to execute these death pathways also have roles to play.
In conclusion, our results indicate that the induction, but not the repair, of DNA DSBs as measured by CFGE is an important predictive molecular marker for the sensitivity of cancer cells to the cytotoxic effects of 5FU. However, this finding needs to be confirmed using clinical samples from cancer patients before being integrated into routine clinical practice.
